Introduction
Sprayed concrete can be defined as a concrete conveyed through a hose and pneumatically projected at high velocity from a nozzle into place. In the wet process, the constituents (cement, aggregate, admixtures and water) are batched and mixed together before being fed into the delivery equipment or pump. The mix is then conveyed under pressure to the nozzle, where compressed air is injected to project the mix into place. This differs from the dry process in which the dry constituents are batched together before being conveyed under pressure down the delivery hose to the nozzle, where pressurised water is introduced and the mix projected into place.
The rheological properties of the mix in the wet process are obviously critical, and the rheological properties of the mixes discussed here were examined by the authors in a previous paper 2 . The rheological performance of wet-sprayed mortars has also been investigated by the authors 3, 4 . However, the concrete's hardened properties are of equal importance, so that a durable and long-lasting repair can be obtained, and it is these properties that this paper will investigate. This paper describes some of the findings from a three-year Government and industry-funded research programme into wet-process sprayed concretes and mortars for repair, which has resulted in an industrial guide published by the Concrete Society 5 . More specifically, this paper describes the hardened properties of a range of fine concrete mixes, which are defined as mixtures of cement, aggregate and water, together with any admixtures and additions. Ten laboratory-designed concretes were tested, consisting of combinations of a 6mm maximum uncrushed river gravel, Portland cement, silica fume and water. Additional constituents in some mixes include superplasticiser, air-entrainment, steel and polypropylene fibres, crushed Portland stone and a coarse (2-8 mm), smooth aggregate. Nine mixes were wet sprayed with a piston pump and one mix was dry sprayed. Previous work on the hardened performance of sprayed concrete is discussed, together with the experimental methods employed to measure the hardened properties of the fine concretes.
The effect of wet spraying varying types of fine concretes (compared with casting) on properties such as compressive, flexural and bond strength, drying shrinkage and elastic modulus is presented. Non-standard tests (together with their results) such as restrained shrinkage are also discussed. Presented together, these results give an overview of the possibilities of the wet process for low-volume concrete repair and Low-volume wet-process sprayed concrete: hardened properties
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Wet-process sprayed fine concrete
Wet-process sprayed application offers a number of advantages over cast and handapplied repairs, including the reduction or elimination of formwork, the construction of free-form profiles and faster and more efficient construction 7 . It can also provide enhanced hardened properties if properly placed. The performance of a repair material is clearly critical to the success of the remedial works to which they are applied and careful consideration should be given to the choice of repair material and to the properties relevant to the application. Details of previous work conducted into the hardened properties of wet-sprayed mortars was presented in earlier work by the authors 1, 4, 6 and only a brief summation is included here. Other previous works published by the authors have discussed the materials, installation and physical properties of sprayed concrete 8 and the associated application methods and quality considerations 9 .
The interaction between the substrate and the repair material is obviously important and substantial work has been conducted in this area, although little of this is specific to sprayed repair 10, 11 . It is generally agreed that properties such as strength, elastic modulus, drying shrinkage and permeability are all critical to the success of a repair.
Hills 12 conducted tests on wet-and dry-process sprayed concrete, and compared results with those from cast concrete. He concluded that the performance of the sprayed concretes did not appear significantly different from those of properly compacted cast mixes of similar composition and he argued that it was the modified mix design needed for sprayed concretes that altered the hardened properties, not the method of placement. However, it has been argued more recently that cast and sprayed concrete are of a different nature, with the spraying process affecting the internal arrangement of constituents and hence the strength and durability 13, 14 .
Gordon conducted work on wet-sprayed pre-blended repair mortars and reported increases in compaction, compressive strengths, and bond strength compared with hand application 15 . Initial results for drying shrinkage also showed similar shrinkage rates for prisms (70x70x270mm) sawn from a sprayed panel (both wet and dry) and cast prisms of the same size. work has also been done on using air entrainment for both wet-and dry-process sprayed concretes for repair 22 .
Mix designs
The constituent proportions of the mixes are shown in Table 1 and the gradings of the aggregates are given in Figure 1 , together with the combined grading of one of the mixes (C1p). Only one is shown as the gradings for the mixes were very similar.
All the mixes contained a 6mm maximum sized uncrushed river gravel and Portland cement conforming to BS12: 1996 Table 1 is the water/total cementitious (i.e. Portland cement and silica fume) value and the Agg/c value is the aggregate/total cementitious value.
Trial Procedure
The concretes were mixed using an integral forced-action paddle mixer on the rear of a Reed B-10 piston pump, which was also employed to pump the concrete. After mixing, this could be hydraulically loaded into the hopper of the pump. Water was added in the mixer until the desired consistency for spraying was achieved. i.e. workable enough to be pumped yet stiff enough not to slough after being sprayed onto a vertical substrate. All the mixes (except C2d) were pumped with the Reed B-10 piston pump and sprayed using a 25mm diameter rubber hose, a 365cfm The concretes were sprayed into 500x500x100mm deep panels whilst endeavouring to keep voidage and rebound to a minimum. One panel in each trial contained a 500x250x50mm thick grit-blasted concrete substrate which was used to determine the bond strength and a second panel contained a reinforcement cage to assess the degree of bar encasement. Samples were also produced by spraying into 100mm cube and 500x100x100mm beam moulds to assess the suitability of this production method. Further specimens were cast in two layers on a vibrating table for the determination of compressive and flexural strength, elastic modulus and drying shrinkage. All panels were floated immediately after spraying, sealed with a curing membrane and then moved into a laboratory at room temperature within 2 hours ready for stripping and sawing the following day.
Test Methods
The test methods followed existing standards where appropriate. In some instances, new test methods were developed specifically for this project and these were Low-volume wet-process sprayed concrete: hardened properties
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Sampling
All material within 50mm of the panel edge was discarded to avoid the effects of rebound entrapment. The panels were then sawn across their width into 100x100mm sections, which were then cut to length into 400mm long beams and 100mm square cubes. 229x75x75mm prisms were also sawn for elastic modulus and drying shrinkage testing. All samples were sawn approximately 24 hours after spraying and then cured in water at 20±2 0 C. The specimens sprayed and cast into steel moulds were struck and cured in the same manner.
Strengths
The 55mm diameter cores were capped with a sulphur compound, and the 100mm in-situ cubes were capped between two steel plates with a 2-3mm layer of highstrength plaster. Compressive cube and core tests were carried out at 28 days in accordance with BS1881 24 and BS1881 25 respectively and the flexural tests were carried out at 28 days in accordance with BS1881 26 (under four-point bending). The results quoted for all the strength tests are the average of two specimens, and the compressive strength of the cores have been converted to equivalent cube strengths.
The tensile bond strength was measured using a 'Limpet' pull-off test 27 at 7 and 28 days. The substrate mix design was based upon earlier work by Austin et al. 28 and each 250x500x50mm substrate was grit-blasted on one side to produce a surface roughness index (SRI) 29 of approximately 220mm. The surface was wetted and left until saturated surface dry prior to spraying. Five 55mm diameter partial cores were cut through the repair material and into the substrate to a depth of approximately 10mm and a 50mm diameter steel dolly was then glued to the top of the core and an axial tensile load applied at a rate of 2kN/min to failure.
Density
The saturated hardened densities of the cubes were calculated by weighing in air and determining their volume from measured dimensions.
Modulus of elasticity
Low-volume wet-process sprayed concrete: hardened properties . The specimen strains were recorded over a gauge length of 85mm using four LVDTs, the average of which was taken to calculate the modulus. The load was applied at a rate of 0.5mm/min and the load and deformations were digitally recorded using a data acquisition system.
Drying shrinkage
75x75x229mm specimens were cast to BS1881 32 and sawn from sprayed panels.
Pairs of measuring studs were glued to three of the longitudinal faces on a 200mm
gauge length and the specimens were stored in a climatic cabinet at 20 o C and 50%
RH. Strain readings were taken at 1,2,3,4,7,14,21 and 28 days and then at 30 day intervals until a constant length was achieved. Each shrinkage value quoted is an average of strains measured across three faces of each of the two prism specimens per mix.
Sorptivity
For sorptivity testing, 55mm diameter cores were taken after 28 days, cut to length and oven dried at 50 0 C for 14 days. The water sorptivity was determined according to the RILEM 33 method in which the 20mm thick dry samples are placed in water to a depth of 2mm and the weight gain over time recorded for a period of four hours.
Restrained shrinkage
This test was developed to represent a typical on-site sprayed repair and is described in detail in the previous paper 1 . Second-hand 593x897x50mm paving slabs were grit-blasted and half of the slab was covered with reinforcing mesh at a depth of 30mm. It was then sprayed to a total thickness of 60mm, floated, and a curing membrane applied. Three pairs of measuring studs at gauge lengths of 200mm were fixed to the face of the repair on each of the reinforced and unreinforced sections and strain readings were taken at similar intervals as for the drying shrinkage specimens. The back of the substrates were also instrumented to monitor the movement of the substrates.
Test results

Compressive strength
Low-volume wet-process sprayed concrete: hardened properties Figure 2 shows the cube and core strengths of the piston-pumped concretes and the dry-sprayed concrete C2d, obtained from in-situ cores, cubes sawn from panels and cast and sprayed cubes.
The concrete with the lowest strength of 30.1 MPa was mix CP2p which was sprayed into a cube. However, there are wider differences in compressive strength values for the sprayed cube specimens compared with the other methods of measurement, owing to the difficulties in spraying into a 100mm cube with a high-volume, largenozzle piston pump. In contrast, the cast and in-situ cube strengths for each mix were very similar. However, it is generally agreed that in-situ sprayed concretes produce higher strengths than for similarly cast mixes 34 , owing mainly to the greater compaction obtained with the spraying process and this trend was found by the authors for mortars 1 . However, the opposite has also been observed 35 . The core strengths were consistently lower than the other methods of measurement.
Mix C3Ap had the lowest in-situ strength, possibly owing to the lack of superplasticiser compared with the other mixes (which would increase the water/cement ratio) and the presence of air voids (8.5% after spraying). However, the addition of air to mix C1p (i.e. mix C1Ap) appears to have increased the compressive strength, possibly owing to air in the fresh mix enabling the water content of the mix to be reduced for the same workability. The highest cast and insitu cube strengths were obtained by mixes C4p and C5p, owing mainly to the larger aggregates and lower water/cement ratios employed in the mix designs.
The relationship of the in-situ cube strength with the water/cement ratio is as expected (Figure 3) , the trend being similar to data produced by Hills 12 . However, the trend for the sprayed cubes seems opposite to what might be expected. This could be due to the increase in water/cementitious ratio producing a more workable mix that can be sprayed into 100mm cube moulds with less voids, hence producing a higher compressive strength. Table 2 shows similarly variable results to the compressive strength results with no apparent trends. The sprayed mould compressive strengths for C1Ap and CP2p are very similar to their in-situ strengths, but the sprayed mould strength for C1Sp is significantly lower. This shows the problems that can occur with voidage and Low-volume wet-process sprayed concrete: hardened properties
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Chris Goodier 24/07/2009 10 rebound when spraying into the beam moulds, especially with a high volume piston pump. More consistent trends were found by the authors when worm-pumping mortars, with the in-situ beams producing higher flexural strengths than the cast beams 1 . The relationship between the flexural and compressive strengths for both cast and in-situ specimens (Figure 4 ) is in line with data for cast concrete 36 .
Tensile bond strength
The 7 and 28 day vertical bond strengths of the piston-pumped concretes are shown in Figure 5 
Density
The values of density for all the types of cube show no clear trend (Table 3), although the values for density correspond very closely to the values for compressive strength shown in Figure 2 . For the mortars wet-sprayed by the authors, the in-situ densities were consistently higher than their cast equivalents 1 . The mix with the highest hardened density was C5p, which was expected due to the higher proportion of coarse aggregate and crushed stone within the mix. The densities obtained from the sprayed moulds were variable compared with the other types of density measurement due to the difficulty of spraying directly into a 100 mm cube mould.
Modulus of Elasticity
The elastic modulus is compared with the in-situ compressive strength in Figure 6 .
There is no agreement on the precise form of this relationship for sprayed concrete 33 , but that from ACI 363R-92 37 for concrete is shown for comparison.
However, a clear trend is difficult to establish owing to the narrow range of compressive cube strengths presented here. The data is important, however, as it is desirable for the elastic modulus of the repair and the substrate to be as similar as 
Drying shrinkage
The drying shrinkage results for the 75x75x229mm in-situ prisms are shown in ). This is due mainly to the restraining action of the larger aggregates in the fine concretes and the presence of shrinkage compensators in several of the proprietary mortars. The mix here with the lowest drying shrinkage was C4p. This was due to the high proportion of coarse aggregate and low water/cementitious ratio compared with the other mixes. Mix C5p exhibited a comparatively low amount of drying shrinkage for the same reasons. The drysprayed C2d also had a low rate of drying shrinkage owing to its low water/cementitious ratio (as was expected). The highest rates of drying shrinkage were for the two mixes containing polypropylene fibres (CP1p and CP2p). This illustrates that polypropylene fibres should really be added to a mix to minimise plastic shrinkage, and does little to limit drying shrinkage.
The results for mix C1p (Figure 8) show little difference in the shrinkage rates between cast and in-situ prisms when wet-sprayed. Similar rates between cast and in-situ prisms were also observed for wet-sprayed mortars 1 . The dry-sprayed mix C2d exhibited a slightly lower rate of drying shrinkage compared with the wetsprayed mix C1p.
Sorptivity
The results for sorptivity are shown in Table 4 and their relationship with the in-situ compressive cube strength is shown in Figure 9 . The sorptivity test was carried out on the bottom 20mm thick section of the core and it is these results that are 
Restrained shrinkage
The restrained shrinkage of several mortars, with and without mesh reinforcement, is shown in Figure 10 . The results are the average of three gauge readings measured directly from the face of the repair, with no allowance for the movement of the substrate.
The much greater rate of shrinkage of C1Ap and C2d compared with the other mixes could be attributed to the dates on which they were sprayed. C1Ap and C2d were sprayed on the 18 and 19th of June (i.e. the beginning of summer, hence a faster rate of shrinkage owing to a higher ambient temperature) and the other concretes were sprayed in the middle of November (i.e. the beginning of winter, hence a slower rate of shrinkage). The difference in the rates of drying shrinkage due to the time of year at which the mixes were sprayed was also apparent in the wet-sprayed mortars which were sprayed by the authors at the same time as these fine concrete mixes Figure 11(a) . The shrinkage of these laboratory stored prisms are considerably greater (more than 4 times in this case) than the free shrinkage deduced from the restrained specimens left outside in ambient conditions. However, the shrinkage rate for the laboratory-stored prisms for mix C1Ap ( Figure   11(b) ) is considerably closer to the restrained specimens. Evidently, quoting shrinkage results from tests conducted under laboratory conditions should be done with caution when discussing in-situ repairs and their performance. Table 5 shows the properties of the dry-sprayed mix C2d together with the comparable wet-sprayed mix C1p. The mix designs were similar except for the presence of a superplasticiser in mix C1p. The values for compressive strength for C2d are higher than the in-situ C1p but lower than the cast C1p and the flexural strength is slightly higher. The bond strength of the dry-sprayed mix C2d is lower than the wet-sprayed C1p, which is the opposite of what might be expected.
For the dry-sprayed mixes it would be expected that the compressive, flexural and bond strengths might be higher, as well as the values for elastic modulus and density owing to a lower water/cementitious ratio and a higher in-situ cement content compared with the wet-sprayed concrete. However, the presence of the superplasticiser in the wet-sprayed mix decreases the water/cementitious ratio of the wet mix. The hardened density, flexural strength and elastic modulus were all higher, but the compressive cube and bond strengths were lower.
Conclusions
The results of the hardened property tests on these wet-sprayed fine concretes show that such concretes are suitable repair materials for wet-mix application. Their hardened performance compared with the dry-sprayed fine concrete was similar, although the healthier working environment and the greater control of the mix constituents makes the wet process a superior choice as a repair process. Of particular attraction to the designer/specifier is the knowledge that the mix specified, once pumped and sprayed, will be the mix in-situ (without the uncertainty of the water content controlled by the nozzleman in the dry process, and the further affect of differential rebound). However, the ability to obtain representative quality control specimens by spraying directly into steel moulds is not as consistent as it is when spraying mortars with a low-volume worm pump, although it could still be employed if care is taken in spraying the specimens and interpreting the results.
Compressive and Flexural Strength
The correlation between the in-situ and the sprayed mould compressive cube strengths is not as consistent as that for wet-sprayed mortars 1 , although comparisons can be made providing that no large voids or excessive rebound is present. However, it is difficult to spray into a 100mm cube mould with a piston pump 
Tensile Bond Strength
The fine concretes all possessed a relatively narrow range of bond strengths (2.3-3.1
MPa at 28 days) compared with their compressive strengths. The bond strengths were also considerably higher than for similarly sprayed mortars
Modulus of Elasticity
The results for the modulus of elasticity, when compared with the compressive strength, show a similar trend compared with published formulas of this relationship, although a wider range of compressive strengths would be needed to accurately report a trend.
Drying Shrinkage
The large-aggregate and dry-sprayed fine concretes shrank less than the other mixes, as was expected. The cast and the in-situ prisms exhibited very similar rates of drying shrinkage, suggesting that cast prisms could be monitored for quality control purposes to measure and monitor in-situ drying shrinkage. The dry-sprayed mix exhibited a slower rate of drying shrinkage than the similar wet-sprayed mix. A narrower range of drying shrinkage was also found compared with the wet-sprayed mortars.
Sorptivity
The sorptivity showed a slight decrease with increasing in-situ compressive strength, although the spread of results was wide.
Restrained Shrinkage
The shrinkage strains of the repair suggest that the shrinkage of a sprayed repair is influenced more by the ambient conditions (mainly temperature and humidity, but also rain, wind and sunlight) than by the composition of the mix itself. The inclusion of reinforcement mesh within the repair also seems to have little affect on the measured values of shrinkage taken from the face of the repair. Similar results were also found previously by the authors for wet-sprayed mortars 1 .
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